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OPTICAL FIBERS 



FIELD OF THE INVENTION 

This invention relates to optical waveguides for 
transmitting optical signals, especially optical fibers, 
5 having novel refractive index profiles. In preferred 

embodiments, the invention provides optical fibers having 
both high bandwidth and high numerical aperture. 

BACKGROUND OF THE INVENTION 

Optical fiber is the major transmission medium in 
10 high capacity long distance communication systems. However, 
in short range data communication applications, such as 
local area networks, and in integrated applications, such as 
within the elements of a computer, automobile, watercraft, 
aircraft, satellite, machine or other similar systems, 
15 optical fiber has found only limited use. Such applications 
have been limited for several reasons . Among these are the 
higher costs of fiber systems relative to copper wire 
systems, and the difficulty and high cost of making fiber 
connections. A typical glass optical fiber has a relatively 
20 small core diameter, and a numerical aperture which makes 

connection or splicing of such fiber labor-intensive, time 
consuming, and expensive. Interest has centered on large 
core diameter optical fiber for local area network 
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applications because of its ease of connection and splicing 
However, typical large dimeter fibers commercially 

a'bandl 1 !;, 3 " °' '">e. ^ have 

a bandwxdth comparable to copper wire media. This bandwidth 
i. generally too low for high data rate applications. 

A step index optical fiber is charactered by a 
core having a uniform refractive index, surrounded by a 
cladding layer having a lower refractive index. Figure I 

shows the refractive i nH& v * 

f^xx« cor such a fiber. m a 
step index fiber, light is confined by total internal 
reflection between the core-cladding boundary. The 
confinement is best described by guiding modes, which can be 
visualized as light traveling at different angles with 
respect to the longitudinal axial direction. Modes 
traveling at larger angles travel further distances, and 
hence, arrive at the fiber output end at different times' 
This phenomenon, termed intermodal time dispersion, or 
simply modal dispersion, limits the amount of optical 
signals that can be transmitted over the fiber; i e the 
20 bandwidth. For a typical large core step-index glass 

optical fiber, the bandwidth is limited to approximately 10 
MHZ • km. 

A possible solution to the modal dispersion 
problem is graded index optical fiber. it has been found 
that by continuously varying the refractive index from a 
maximum at the center of the optical fiber to a lower value 
at the core-cladding boundary, dispersion can be greatly 
reduced. Gloge and Marcatili, "Multimode Theory of Graded- 
Core Fibers," Bell System Technical Journal, November 1973, 
pp. 1563-1578, have proposed a graded index profile n(r) for 
a waveguide of radius r, given by: 
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wherein: 

n f is the refractive index at the center of the 
core; n ; is the refractive index of the cladding layer; 
d= (n f - n : )/n t ; and a is the core radius. 

Figure 2 shows such a graded index profile that 
varies continuously from the highest index value at the core 
center to a lower value at the core-cladding boundary. The 
waveguide bandwidth is increased because those modes 
traveling greater distances extend to greater radius and 
therefore travel faster due to the smaller average 
refractive index at greater radius. Such profiles can 
potentially reduce the delay time dispersion, and 
correspondingly, increase the bandwidth. For example, a 
graded index fiber having comparable core and cladding 
refractive indices as the step index fiber described above 
has a bandwidth of approximately 1-10 GHz* Km. However, 
graded index fibers have generally small numerical 
apertures, are difficult to fabricate, and are costly to 
manufacture . 

Accordingly, there exists a need for optical 
waveguides, especially optical fibers, that combine both 
relatively high bandwidth and relatively high numerical 
aperture, and that can be fabricated using existing 
technology. This invention is directed to this important 



OBJECTS OF THE INVENTION 

It is one object of the present invention to 
provide novel optical fibers having both high bandwidth and 
high numerical aperture. 

It is another object of the present invention to 
provide novel optical fibers having improved refractive 
index profiles. 
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It is another obierr of ~ 

existing technology. using 

It is another obiect of t-h<* ~ 

provide P roc esses by ^ropT te T f ^:: ti0n * 

possessing the properties described above can be 

manufactured and employed for sianal r^^« • 

USQS< r Signal transmission and other 

SUMMARY OF THE INVENTION 

These and other objects are satisfied by the 
present invention, which provides novel optical waveguides 
especially optical fibers, having novel refractive id 
profiles, and further provides processes for the 
manufacture, and use of the waveguides. 

of , h ■ ^ Preferrecl ^diments, the optical waveguides 
of the invention comprise: 

an inner core; 

an outer core on the inner core; and a cladding 
layer on the outer core; 9 
wherein: 

the inner core has a refractive index which 
18 great6r tha * th « refractive index of the outer core 

the outer core has a refractive index that 
decreases smoothly, monotonically and nonlinearly with 
increasing radius from the boundary of the inner core and 
the outer core to the boundary of the outer core and the 
cladding layer; 

. , . there is a ste P in the refractive index at 

the boundary of the inner and outer cores; and 

the cladding layer has a refractive index 
whxch is equal to or greater than the lowest refractive 
index of the outer core. 

In certain preferred embodiments, there is a step 
xn refractive index at the boundary of the outer core and 
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the cladding layer. In further preferred embodiments, the 
refractive index of the cladding layer is intermediate 
between the highest and lowest refractive indices of the 
inner core. In other preferred embodiments, the refractive 
index profile is substantially in accordance with Figure 3. 

In some preferred embodiments, the refractive 
index of the inner core decreases from the center of the 
fiber to the boundary between the inner core and the outer 
core, and, in other preferred embodiments, the refractive 
index of the inner core is substantially uniform throughout 
the inner core . 

In other preferred embodiments, the refractive 
index of the inner core is graded, varying approximately 
parabolically with increasing fiber radius. 

15 In preferred embodiments wherein the inner core 

has a substantially uniform refractive index, the refractive 
index profile of the graded inner core is such that if the 
graded index profile is extrapolated into the inner core 
region, then the value for the refractive index at the 

20 center of the inner core region, obtained from the 

extrapolated curve, would be greater than the refractive 
index of the inner core region of the optical fiber. 

In another embodiment, the refractive index of the 
outer core is substantially in accordance with the equation: 

_2 

n(r) = 



25 



wherein: 

n(r) La the refractive index at radius r; 
a, is the radius of the inner core; 
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13 thS refractive ^dex at the center of 
the inner core; and 

_ . . iS deter ™ined by requiring that n-„. at 

a^d'a .V' " rSfraCtiVe of the cladding" layer 

and a is the coined radius of the inner and outer cores 

in another preferred embodiment, one or more of' 
the inner core, the outer core, or the cladding layer 
comprises glass. Xn other preferred embodiinents , ^ or 
more of the inner* <-o 

, ww wu,. er core, or the cladding 



DrefprroH om , . . 3 in some more 

preferred embodiments the outer core comprises at least two 
organic poymers having different refractive indices. m a 

Ind the J PrSferred erab ° di — ' ^ i»~r core is glass, 
and the outer core includes at least one organic polymer 

In some preferred embodiments, the organic 
polymers are selected from polycarbonates, polyesters 
polyolefins, polystyrenes, polysiloxanes , polyurethanes , 
particularly polymethylmethacrylate , , polystyrene, 
copolymers of methylmethacrylate and vinyl phenyl acetate 
(P(MMA-VPAc,,, copolymers of methylmethacrylate and vinyl 
benzoate (P(MMA-VB),, methyl methacrylate styrene 
acetonitrile butadiene styrene, and styrene acrylonitrile . 

in preferred embodiments, the inner core is 
symmetrically disposed about the central axis of the fiber 
and the outer core is symmetrically disposed about the inner 
core . 



Preferably, the cladding layer comprises an 
organic polymer selected from a copolymer of vinylidene 
fluoride and tetraf luorethylene and hexaf luoropropylene 
fluoroalkyl methacrylate polymer, fluorinated polycarbonate, 
and fluorinated polysiloxane . 

The graded index profile in glass cores of the 
fibers of the invention can be achieved by methods of 
fabrication that include, for example, chemical vapor 
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deposition, vapor phase axial deposition, their 
modifications, or related ion diffusion processes. 

The graded index profile in polymeric cores of 
the fibers of the invention can be achieved by photo 
5 copolymerization, multi-stage copolymerization, centrifugal 
molding, interfacial gel copolymerization, photo-locking, 
photo-bleaching, or polymerization initiator diffusion. 

Also provided are optical waveguides having the 
novel index profiles of the invention and coating, 
10 extrusion, and drawing methods for the preparation of the 
graded step index fibers of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The numerous objects and advantages of the present 
invention may be better understood by those skilled in the 
15 art by reference to the accompanying Figures, in which: 

Figure 1 shows a step index profile. 
Figure 2 shows a graded index profile. 
Figure 3 shows an exemplary refractive index 
profile according to certain embodiments of the invention. 
20 Figure 4 shows the numerical aperture as a 

function of fiber radius for an exemplary optical fiber of 
the invention (solid line) and for a prior graded index 
fiber having a parabolic profile (dashed line) . 

Figure 5 shows a group delay time dispersion 
spectrum, where group delay time for a 100m long fiber is 
plotted as a function of mode number. 

Figure 6 shows the bandwidth dependence on the 
inner core radius to outer core radius ratio for a fiber in 
accordance with certain embodiments of the invention. 

Figure 7 shows a group delay time dispersion 
spectrum for the parabolic outer core profile described in 
Example 3, where group delay time for a 100m long fiber is 
plotted as a function of mode number. 

Figure 8 shows a group delay time dispersion 
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spectru* for eh. outer core profit described in Example 4 
where , roup delay time for . 100ra long £ifa „ i3 P ' 

function of mode number. 

Figures 9a and 9b show, respectively, refractive 
index profile lacking a step and containing a step in 

Fibres 10a and 10b show the group time delay 

• Wi two retractive index profiles 

shown in Figures 9a and 9b. 

Figure 11 shows the three refractive index 
profiles described in Example 6, where the ratio of the 
outer core to inner core radii is three to one. 

Figures 12, 13 , and 14 show group delay time 
spectra for the refractive index profiles described in 
Example 6, where group delays for 100m long fibers are 
plotted as a function of mode number. 

Figure IS shows a group delay time dispersion 
spectrum for the outer core profile described in Example 7 
where group delay time for a 100m long fiber is plotted as 'a 
function of mode number. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

This invention provides novel optical fibers 
having improved refractive index profiles . m one aspect of 
the invention, optical fibers are provided which comprise: 
an inner core; 

an outer core on the inner core; and a cladding 
layer on the outer core; 
wherein : 

the inner core has a refractive index which 
is greater than the refractive index of the outer core; 

the outer core has a refractive index that 
decreases smoothly, monotonically and nonlinearly with 
increasing radius from the boundary of the inner core and 



.0 



WO 98/07057 PCT/US97/14278 



- 9 - 



the outer core to the boundary of the outer core and the 
cladding layer; 

there is a step in the refractive index at 
the boundary of the inner and outer cores; and 

the cladding layer has a refractive index 
which is equal to or greater than the lowest refractive 
index of the outer core. 

As used herein, the term "optical fiber" has its 
accustomed meaning of a fiber (e.g., a thin rod) containing 
one or more core regions within which light travels, and a 
cladding layer on the outermost core region. "Bandwidth" has 
its accustomed meaning of the amount of data that can be 
transmitted per unit time. "Numerical aperture" is the 
acceptance angle over which light rays entering a fiber will 
5 be guided. The term "refractive index profile" refers to the 
relationship of the refractive index as a function of fiber 
radius . 

In addition to optical attenuation, two important 
properties of an optical fiber are its bandwidth and 

0 numerical aperture. Higher bandwidth leads to higher 

achievable transmission data rates, and larger numerical 
aperture leads to greater acceptance angles, and hence, to 
more efficient source-to- fiber coupling, lower loss 
fiber-to- fiber connections, and lower bending losses. The 

5 optical fibers of the present invention have superior 

bandwidth and numerical aperture compared to traditional 
step index and graded index optical fibers. 

In preferred embodiments of the invention, the 
refractive index profile of the inner core either decreases 
from the center of the fiber to the boundary between the 
inner core and the outer core, or is substantially uniform 
throughout the inner core. However, the benefits afforded 
by the present invention are also obtainable with inner 
cores which have varying index profiles. It is only 
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required that there is a *r an < ~ 

h„„„w w P ^fractive index at the 

boundary between the inner and outer cores 

of th. • The . refraCtive of outer core of fibers 

of the invention decreases with increasing fiber radius 

llll m ° n0t0niCali *< - d nonlinearly. r n preferred 

extents, the refractive index profile of the graded 
outer core is a parabola. However, the particula! shlpe of 
the index profile of the outer core is not critical 
provided the preceding criteria are met. 

As used herein, the term smooth has its normal 
meaning as a continuous (i.e., unbroKen, curve. ZTsL 
■cmotonxc. as applied to the decrease in refractive inZ of 
outer cores, denotes a continuing decrease. The term 

s^'TV 8 den ° teS 3 fUnCti ° n *h.n a 

straight Une, and preferably which has a positive 

curvature . 

Figure 3 shows the refractive index profile of a 
preferred embodiment of the optical fibers of the invention. 
The refractive index of the inner core smoothly decreases 
from a value of n, at the center (r-0, of the fiber to a 
value of n, at the inner core-outer core boundary (r-r) At 
the boundary of the inner core and outer core t7ere is a 
sharp discontinuous decrease (i.e. -step") in refractive 
xndex from the high value, n„ of the inner core to a lower 
value, n„ of the smoothly graded outer core. The graded 
outer core is characterized by a convex, smoothly varying 
refractive index, monotonically decreasing from its highest 
value, n„ to its lowest value, n„ at the outer core - 
cladding boundary (x . r ,, . At the boundary Qf ^ Quter ^ 
and the cladding there is a sharp discontinuous increase, or 
step, in refractive index from the low value, n„ of the 
graded outer core to a higher value, „„ of the uniform 
cladding. The cladding preferably has a uniform refractive 
index, n„ extending from the outer core - cladding boundary 
to the surface of the fiber {r~R) . 
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The refractive index distribution of the inner core 
follows approximately one of the alpha (a) -profiles 



1/2 

for r < r, (l) 



for any positive alpha. In the limiting case where 
the inner core has a uniform refractive index. The 
refractive index distribution of the graded outer core only 
approximately follows a parabolic profile 



In preferred embodiments of the fibers of the invention, 
the refractive index distribution of the cladding is 
uniform, n(r)- „.. The size of the refractive index steps 
at (r-r,) and <r-r,) are determined by numerical calculation 
so as to maximise the bandwidth of the fiber. Suitable 
calculation methods include WKB, Rayleigh-Ritz , power 
series, finite element analysis, and others known in the 
art. 

In preferred embodiments of the invention, the 
refractive index profile of the graded inner core is 
described by a function having a smooth, positive curvature, 
which decreases smoothly, monotonically and nonlinearly with 
increasing radius. m especially preferred embodiments of 
the invention wherein the inner core has a substantially 
uniform refractive index profile, the refractive index 
profile of the graded inner core is preferably such that if 
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the graded index profile i«s 

. H^-wt-1-J.e is mathematically extr» n «i - _, . 

the inner core region then , extrapolated ut 

index at the center of th! ' £ ° r tta 

the extrapoiated curve TllfZ' Ie9i ° n ' ° b " ined 

refractive index o£ the L " * * than «*• 

= U idxn 9 : P t"ar° r r b :r ion o£ the tib «- 

blowing differentia! elation, 



(3) 



where n = n(r) is the refractive index vis th 

— — . .nd ,» the prop . gation :^;;:;zz 

- the art is' £ £ ZlZTlTZT^ ^ 
found in Gloge Md . HpM . t ^" p ^^ - 

constants. fou „ d by aoWLng ^ ^» 

where „ i, the Mdlal node 

position „h.r. the integrand vanish... 

The group deiav tia» r_. which i, the inverse of the 
group velocity, i. related to th . propagation 
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From equation 4, neglecting the effect of material 
dispersions, the group delay time can be derived to be: 



For optical fibers of interest, the number of the 
guiding modes is on the order of tens of thousands to 
millions. Although /i and v are integer numbers and p can 
only take discrete values which satisfy equation 4, they car 
be treated as continuous variables. With equation 4 and 
equation 6, the dispersions of the group delay time can be 
derived, and the bandwidth of a fiber can be determined. 

Within the weakly guiding approximation, where the 
relative index difference between the core and cladding is 
small, as is the case with most optical fibers, modes with 
different azimuthal mode number can have the same 
propagation constants . Such modes are denoted LP modes . 
When neglecting these differences in the group delay time of 
modes having different azimuthal mode numbers, additional 
simplifications can be carried out for the above equations. 
By integrating equation 2 over azimuthal mode number v, we 
obtain 
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m 



where a 2 is given by; n^) = 

*b (7) 



— — »xe A can be understood as the total « x 
of modes whi«-h k, ne cota l number 

a function of 3. =.„ k. «-..-! ' ^ 9r ° UP dSl ^ « 



a function of fi, ean be £oun(J tQ ^ 



(8) 



The bandwidth. /, can t-h«„ 

the difference I k «»«»— calculated from 

difference A in the mnlmm and miniaum 

tu.es, f . ,.,< , Ae GH . exor ' ■ 

nanoseconds. expressed in 

be Jen" Zl^lTJllT^' ^ " ^ « 

core and the outer core »„,-i 

outer core and the cladd*„„ * ^ between the 

p~.e„t ^r:^~r the 

as variable, in the 1Mtticll calculi- * " Bp ° 

the. to ^ th . b . n ^ n " 1CUi " 10M and "V adjusting 

Optimo. 1 :: d°r::r:,Tne"r idth — - «- 

apertures, esp^i.^ ^ »*" — «lel 

optical fih™ and i^L"^^ .ETT ind " 
numerical aperture is « measure of th„ . ' 
which light ray. entering the fi^ wll ^TT ^ °" t 
«u»eric.l aperture is preferred £ - 
include hlghe, coupling efficiency, o™ ™„ J^" 
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and lower bending loss. The fibers of the present invention 
generally possess large numerical apertures compared to 
graded index fibers. Figure 4 compares the numerical 
aperture of one embodiment of the fibers of the invention 
5 (solid line), having an inner core of uniform refractive 

index, with that of a graded index fiber having a parabolic 
profile (dashed line). The numerical aperture of the fiber 
of the invention is larger than that of the graded index 
fiber over the entire fiber radius, with the inner core 
0 region possessing the highest numerical aperture. 

The fibers of the invention also have improved source- 
to-fiber coupling efficiencies compared to graded index 
fibers. Graded index fiber generally has lower source- 
to-fiber coupling efficiency than step index fiber. This 
5 arises from the refractive index profile of traditional 

graded index fiber, which continuously decreases from the 
fiber center to the cladding boundary, m such a profile, 
the light-collecting ability of the fiber degrades toward 
the cladding boundary, reducing the overall coupling 
efficiency. Additionally, if the incident light is off 
center because of misalignment, the coupling efficiency 
decreases because the area of highest numerical aperture is 
not fully utilized. in the fibers of the present invention, 
the inner core area, which possesses the highest numerical 
aperture, is significantly wider than many typical beam 
sizes. This mitigates the effects of misalignment, and 
allows source-to- fiber coupling efficiency of fibers of the 
invention to approach that of step index fiber. 

Mismatch in numerical aperture when making 
fiber-to- fiber connections, couplings, or splicings, or 
fiber-to-optical device connection can introduce further 
coupling loss. When light exiting a fiber is coupled into a 
fiber or another optical device that is misaligned, only 
part of the light is successfully coupled into the fiber, or 
device. As described above, connection, coupling, or loss 
caused by misalignment is more severe for graded index fiber 
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than for step index fiber, because of the smaller 
non-unifonn numerical aperture over the graded core. For 
the fibers of the present invention, the mismatch caused by 
realignment is significantly reduced because the inner core 

relatively large numerical aperture. Thus the 
fiber-to-fiber coupling loss and f iber-to-optical device 
loss for fibers of the invention are expected to be 
significantly lower than are seen for- 

comparable size. £ioer ot 

A further advantage of the fibers of the invention is 
reduced bending loss. When light rays strike a bend in a 
fiber at an angle beyond the critical angle, they can "leak 
out- causing bending loss. Bending loss depends 7 both on 

diL^? 9 ra<liUS ° f fiber ^ ° n thS "^tive index 

distribution. For example, low numerical aperture step 

U " Ually SUffe " -PPreciable bending loss because 
of weaker confinement of light. Accordingly, the fibers of 
the present invention, which have relatively wide cores and 
large numerical apertures, are expected to exhibit superior 
bending loss performance. 

Another advantage of the fibers of the present invention 
xs their ease of manufacture relative to graded index 
fibers. One difficulty encountered in the fabrication of 
graded index fiber is creation of the graded index profile 
over relatively large fiber radii, which can be as large as 
100-1000 micrometers, it is particularly difficult to 
control the index profile at the center of the fiber and at 
the core-cladding boundary. These disadvantages are 
overcome by the fibers of the present invention which can be 
fabricated with existing methods and procedures readily 
available in the art. 

For example, in some preferred embodiments of the 
invention, an inner core having a uniform refractive index 
is surrounded with a graded outer core, which spans a fiber 
radius. This is further surrounded with a cladding having a 



WO 98/07057 



PCT/US97/14278 



- 17 - 



uniform refractive index. For fibers with the same 
sizecross section, since the graded outer core region of the 
fibers of the invention spans a smaller fiber radius than 
the graded portions of graded index fibers, control of the 
index profile in the graded outer core region of the fibers 
of the invention is significantly easier to achieve 
Consequently, while traditional graded index fiber requires 
specialized manufacture, the fibers of the invention can be 
made more simply by any of several methods for optical fiber 
f abrif ication known in the art. 

The graded index regions of the fibers of the invention 
can be any of the materials known in the art to be useful 
for the production of graded index portions of optical 
fibers. These include both polymer materials and glass 
materials, and their doped derivatives. Thus, the methods 
known in the art for fabrication of glass and polymer graded 
index fibers will find use in the present invention. 

For polymeric graded index regions of fibers of the 
invention, suitable methods of fabrication include, for 
example, photo copolymerization, multi-stage 
copolymerization, centrifugal molding, interfacial gel 
copolymerization, photo locking, photo bleaching, and 
polymerization initiator diffusion. 

Generally, copolymerization methods involve 
copolymerization of two or more kinds of reactive monomers, 
resulting in materials having different indices of 
refraction. It is generally known that in the 
copolymerization processes, there are essentially two basic 
mechanisms for forming a graded index profile: processes 
based on diffusion of monomers into or out of a polymeric 
composition or other substrate (referred to respectively as 
"in-dif fusion" and "out-diffusion" processes), and processes 
utilizing differences in monomer reactivities. 

Both the in-diffusion and out-diffusion processes 
involve the copolymerization of two monomers; a first 
monomer which is the monomer from which the polymer is 
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formed, and a second monomer, which is different and 
therefore has a different refractive index L the 
xn-dif fusion process, the second, differeni- 
to diffuse into the partially poly^"^ ^™' 

the out-diffu S ion process tL aa ? * monomer - In 

' Lon P r °cess, the second monomer is 

homogeneously doped into the polymer sub . tMh> 

point m the proce »s, the second monomer is copolylr^ed 
with unreacted first mn™^ polymerized 

concentration decreases with increasing radius from the 
fiber axis, while the opposite is true for the out- 
diffusion process • 

in so-called monomer reactivity processes, two or more 

z:r^\zL, 0 T in 't and "o^"^* * i-aoiat::; 

ell* i . ! h " ratt «"™ index profile 

Control of the reactive index profile is achieved by 

selection of several parameters, including the identities of 
c!H ^ th. number of « OTO „, „ d otn „ 

conditions of the polymerisation. See, for example, L 
Horn.* Poiymer *»■ iio-A^ave a nd Integrated Optics, 

78-84, and the references cited therein. Additional 
suitable mathodologi.s for preparation of graded index 
region, of optical fibers, including those of the present 
invention are disclosed in, for example, PlaBtlc l ptiaal 
ritors Application, vol. 25, Information Gatekeeper, 
Boston Mass. 19,4, and Emslie, *evi.„ ot Polymer 0p ^"' 
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For glass graded index regions of fibers of the 
invention, suitable methods of fabrication include, for 
example, chemical vapor deposition (see U.S. Pat No 

I'lZ'llll' V T\ Pha8e " ial de P ositio * <»" U.S. Pat. No 
4,062,665), and their modifications (see s. E. Miller a 
I. P. Kaminow (eds.), 0ptIeai ribme Telecommunications n 
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Academic Press, New York , NY , 1988). Each of the foregoing 
patents and publications are hereby incorporated in their 
entirety. 

Generally, chemical vapor deposition methods involve 
introducing gases including, for example, Ge, Al , P, or B on 
to a heated silica glass surface and growing a dopant 
coating layer. Accordingly, the desired graded index can be 
obtained by controlling the dopant concentration. After the 
deposited dopant layer has fully grown, the glass preform 
can be melt drawn to produce a long thin optical fiber 
having a graded index region. Additional suitable 
methodologies for preparation of graded index regions of 
glass optical fibers, including those of the present 
invention, are disclosed in, for example, S. E. Miller and 
I. P. Kammow (eds.), Optical Fiber Telecommunications II, 
Academic Press, New York , NY, 1988. 

Any of the several techniques for fabrication of glass 
or polymer optical fibers known in the art will find use in 
the fabrication of the fibers of the present invention. 
Additionally, the present invention provides novel coating, 
extrusion, and drawing methods for the manufacture of fibers 
of the invention having an inner core with a smoothly 
varying or substantially uniform refractive index; an outer 
core on the inner core, the outer core having a refractive 
index that is lower than the refractive index of the inner 
core, and which decreases smoothly, monotonically and 
nonlinearly with increasing fiber radius; and a cladding 
layer on the outer core, the cladding layer having a 
substantially uniform refractive index which is equal to or 
slightly greater than the refractive index of the outer core 
at the boundary of the outer core and the cladding layer. 
The coating method for the production of fibers of the 
invention comprises the steps of: 
forming an inner core fiber; 
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establishing a graded refractive index or a 
substantially uniform refractive index in ■ the inner core 

fibJ 0 ™^ 9 ^ OUtSr C ° re fib€r ^ C ° atin9 the i~»r cor. 
fxber with a composition suitable for establishing a 

Zotn? Varyln9 rSf ^ Ctive establishing the 

moothly varying graded refractive index in the outer core 
fxber; forming a cladding layer on the outer core fiber by 

coating the outer core fiber- „ .*„_•, _ . . y 

. _ ** ** material or 

uniform mixture having a constant refractive index; and 
curing the cladding layer by uv curing, thermal curing, or 
by cooling. 

The inner core fiber with a smoothly varying or 
substantially uniform refractive index can be formed using 
fxber extrusion or fiber drawing processes known in the art. 
For inner cores having a substantially uniform refractive 
xndex, a single material or uniform mixture having a 
constant refractive index may be used. Materials for 
forming inner cores having a smoothly varying graded 
refractive index include those suitable for use in the 
production of graded indices as described above for the 
formation of outer cores of the invention. 

The graded refractive index, or substantially uniform 
refractive index, can be established in the inner core fiber 
by, for example, standard melt drawing from a glass preform, 
according to procedures known in the art, as appropriate for 
the particular material or mixture disclosed in, for 
example, S.E. Miller and A.G. Chynoweth (eds.), Opticai 
Fxber Telecommunications, Academic, NY, 1979 and S. E. 
Miller and I. p. Kaminow (eds.), Optical Fiber 
Telecommunications II, Academic Press, New York , NY, 
1988,. The graded refractive index, or substantially' 
uniform refractive index, can be established in a polymer 
inner core fiber by melt drawing from a plastic preform, or 
by fiber extrusion methods, disclosed in, for example 
Plastic Optical Fibers and Application, vol. 25, Information 
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TrT-TS*' BOSt ° n MaSS - 1994 ' ^ L ' A - H ° rnak ' Polymers 
for Lightwave and Integrated Optics: Technology and 

Applications. Marcel Dekker, N . Y . 1 992/ the disclosures of 

which are each incorporated herein in their entirety 

5 The graded refractive index can be established in a 

glass outer core fiber by, for example, standard melt 

drawing from a glass preform accorHin« 

* fi«t«nn, according to procedures known 

in the art, as appropriate for the particular material or 
mixture disclosed in, for example, S.E. Miller and A.G 
10 Chynoweth (eds.), Optical Fiber Telecommunications 

Academic, NY, 1979 and S. E . Miller and I. P. Kaminow 
( eds . ) , Optical Fiber Telecommunica tions II, Academic 
Press, New York , NY, 1988. 

,« *.k ^ ° Uter C ° re ^ f0rn,ed by coati «9 the inner core 

15 fiber with a composition suitable for forming a smoothly 
varying graded refractive index, such as those described 
above. Techniques for coating the inner core fiber include, 
for example, extrusion coating with thermal or UV curable 
polymer formulations, or using hot-melt thermoplastic 
20 compounds, or using sol-gel glass formulations. See for 

ZTV^ Tot? 1 ' S * " loll*, vol. 100 

511-513 (1988). Additional suitable methodologies for 
preparation of graded index regions of optical fibers 
including those of the present invention, are disclosed in, 
25 for example, M.J. Bowden and S.R. Thunrer, Polymers for High 
Technology, American Chemical Society, Washington, 1487, and 
Plastic Optical Fibers and Application, Vol. 25, supra. 

The graded index can be established in a glass outer 
core fiber by any of several techniques known in the art for 
30 forming graded index fibers by standard melt drawing from a 
glass preform, such as, f or example, outside vapor phase 
oxidation, chemical vapor deposition and modifications, and 
vapor axial deposition methods, and atomic diffusion 
processes, as disclosed in, for example, S.E. Miller and 
35 A.G. Chynoweth (eds.), Optical Fiber Telecommunications, 
Academic, NY, 1979 and S. E. Miller and I. P. Kaminow 
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(eds.), optical Fiber Tel ecomn un±cations II a.,h ■ 
Press, New York , NY. 10a* Academ ^ 



The graded index can be established in » , 
ine cj.addj.ng layer is then ■ . 

15 techniques used for the outer core. 

The cladding l ayer is then processed by uv or thermal 

^riV' ^ C °° 1 ^ " ^P-priate to tL particuLT 
material or mixture. 

20 „ PC " m "* inva ""°n further provides extrusion 

having" of fiber, of the invention 

having an lnn er core with a smoothly varying or 
substantially uniform refractive index, an outer core 
surrounding the inner core and having . refractive index 

25 and tilt ^ « of the inner core, 

„?th dSC """ "oothly, monotonicaiiy „d nonlin.ari; 
with increasing fibe r radius> a cladd II * 

rerracttveV." ^ 

refractive index. The extrusion process conveniently 
comprises the steps of! 
30 forming a fiber preform by co-extrusion or sequential 

extrusion of .n inner core layer, an outer core layer "„ d \ 

."moo^l' T ^•"^ ^ Inn " ««• ^ Possess a 
smoothly varying or substantially uniform index of 

35 !I ° n ' ^ ° Uter C ° re liyer Possesses a lower, smoothly 

35 varying, graded index of refraction, and the cladding layer 
possesses a uniform index of refraction, wherein the lowest 
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refractive index of the inner core is higher than the 
highest refractive index of the graded outer core, and the 
lowest refractive index of the outer core is lower than the 
refractive index of the cladding layer; and curing the fiber 
preform to produce the fiber. 

The polymer materials suitable for inner cores, outer 
cores, and cladding layers of the fibers produced by the 
process are the same as those described above 

Formation of the fiber by co-extrusion or sequential 
extrusion of an inner core layer, an outer core layer, and a 
cladding layer can be achieved by co-extrusion or sequential 
extrusion techniques known in the art. See, for example 
Polymers for Lightvare and Integrated Optics, supra, at p 
4-7, and references cited therein; U.S. Patent No. 5,235,660 
and references cited therein. See also Ho, et al . , Polymer 
Journal Vol. 27, No. 3, pp. 310-313 (1995, which discloses a 
closed extrusion process for the preparation of graded index 
polymer fibers . 

The present invention also provides a drawing process 
for the manufacture of fibers having an inner core with a 
smoothly varying or substantially uniform refractive index- 
an outer core surrounding the inner core and having a lower 
refractive index that decreases smoothly, monotonically and 
nonlinearly with increasing fiber radius; and a cladding 
layer surrounding the outer core and having a uniform 
refractive index. The drawing process conveniently 
comprises the steps of: 

forming an optical preform rod fiber consisting of an 
inner core layer, an outer core layer, and a cladding layer, 
wherein the inner core layer has a smoothly varying or 
substantially uniform index of refraction, the outer core 
layer has a lower, smoothly varying graded index of 
refraction, and the cladding layer has a uniform index of 
refraction, wherein the lowest refractive index of the inner 
core is higher than the highest refractive index of the 
graded outer core, and the refractive index of the cladding 
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layer is greater than the refractive index of ^ 

at the boundary of the 0uf0r the ° uter COr * 

heating tnl prefoL to " Claddin * 
drawing; * ™ t0 3 tem P e "ture required for 

drawing the heated preform into a optical fiber „ 
predetermined diameter; and optical fiber of 

cooling the optical fiber 

The materials suitable for use in t-h« m 
the invention are the SM ,e as those ITlt"^ P *°"" ° f 
ot the invention described herein """ processes 

«* *.o. chvno„eth M . op r s e - Miiier 

"aterzai Science, Vol. 23, 2281-2293 ugas, M m r 

Polymer for Llahtwayre an* r * > L * Horn **' 

Applications, S uZ CotA '"V* T * cl ""»°*T — 

cladding layer ^ th. * * meth0dS f ° r ^^on of 

Ang -Layer to the formed ootic-i f;u A . _ 

the ^„ v . r „ PMtive nftt . nc n T ctib,d in 

materials. 9 and P 01 !™" 1 

Other methodologies for manufacture of optical fih 
the invention win h~ optical fibers of 

° n wil1 *>• apparent to those of skill in tho - - 
for examole . Pqrr« _ , SRili in the art. 

pAe ' *®rry et al., u.S. Patent 5 235 fi«n h • , 

a process for the Manufacture of multilayer noil dlSClOSM 
fiber, havin, gr . d . d refractive index proTiiH in tT'"' 
proc... . preform polymer optical fiber ", t 

optica? 'f^eTi ^ POly "° r """"^ T - P°ly»er 
optica! fiber ia then cooled, and subaequently heated to . 

op£c.l fi£ I.1„rr e '- h '"" d P " £OCT P °^« 

doled to ^Iid a f?Lr r r t0 " Prede " ralMd «— — 
to yield a fiber havin, the desired characteristics. 
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Those of skill in the art will appreciate that such a 
process could be used to produce the optical fibers of the 
present invention, by selection of appropriate starting 
polymers for multiple layer extrusion, and subsequent 
processing. 

Polymer optical fibers of the invention may also be 
manufactured by an interfacial gel copolymerization process. 
Such a process can utilize both diffusion and monomer 
reactivities. Typically a monomer mixture is placed in a 
hollow tube formed of bulk polymer. The gel phase is formed 
on the inner wall of the tube, which is slightly swollen by 
the monomer mixture. Heating of the assembly induces 
formation of the copolymer phase from the inner wall of the 
tube to the center axis. It is thought that once the 
copolymer phase has initially formed from the gel phase, the 
graded index is formed by a mechanism similar to that of 
photocopolymerization, or by gradual diffusion of polymer 
molecules dissolved from the tube into the center. See 
Polymer for Lightwave and Integrated Optics, supra, at p 
20 89. 

In other known methodologies, a graded index preform 
rod, obtained by photocopolymerization and interfacial gel 
copolymerization, is heat drawn at high temperature into a 
graded index polymer optical fiber. See Polymers for 

25 Lightwave and Integrated Optics, supra, at pp. 96-100, and 
the references cited therein. 

Additionally, optical fibers of the present invention 
may be fabricated by drawing of a preform manufactured 
according to vapor axial deposition, chemical vapor 

30 deposition, or modifications in the art. See, for example, 
S.E. Miller and A.G. Chynoweth (eds.), Optical Fiber 
Telecommunications, Academic, NY, 1979 and S. E. Miller and 
I. P. Karainow (eds.), Optical Fiber Telecommunications II, 
Academic Press, New York, NY, 1988, which disclose graded 

35 index optical fibers prepared by such processes. 
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?! fibSrS ° f P resent invention may be 

useful , H ° f 3 VariSty ° f mat «^* ^ to be 

useful in the production of optical fibers. Accordingly, 

the fibers of the invention can be glass, or non-glass 
materials such as, for example, organic polymers. Fibers 
according to the invention can also have both glass and 
polymer components. For example, in one preferred 
embodiment of the invention, the inner core is a glass rod 
having a substantially uniform refractive index. L, 
outer core and cladding layers are polymer compos I^onT 
Glass materials suitable for use in the optical fibers of 
the invention can be any of the wide variety of glass 
compositions which are known to be useful in production of 
optical fibers. Representative examples of suitable glass 
compositions include those found in S.E. Miller and A G 
Chynoweth (eds.), Optical Fiber Telecommunications, 
Academic, NY, 1979 and S. E . Miller and I. P . Kaminow 
(eds.), Optical Fiber Telecommunications II, Academic 
Press, New York , NY, 1988. 

Polymer materials for use in the optical fibers of the 
xnvention are chosen to have low loss, and can be any of the 
wide variety of optical polymer compositions which are known 
to be useful in production of optical fibers A 
representative list of suitable monomeric and polymeric 
compositions includes polycarbonates, polyesters, 
polyolefins, polystyrenes, particularly polymethyl- 
methacrylate), polystyrene, copolymers of methylmethacrylate 
and vinyl phenyl acetate ( P(MMA-VPAc ) ) , copolymers of 
methylmethacrylate and vinyl benzoate (P(MMA-VB)), methyl 
methacrylate styrene, acetonitrile butadiene styrene, and 
styrene acrylonitrile . Further suitable monomers and 
polymeric compositions can be found in Plastic Optical 
Fibers and Application, Vol. 25, supra, and L. A. Hornak, 
Polymers for Lightwave and Integrated Optics: Technology and 
Applications, supra, for example at page 80. 
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Preferred embodiments of the optical fibers of the 
present invention have a cladding layer on the outer core 
The cladding layers of the fibers of the invention can be 
any of the materials known to be useful for fiber optic 
claddings. A representative list of suitable cladding 
materials includes organic polymers such as copolymers of 
vxnylidene fluoride and tetraf luorethylene, and fluoroalkyl 
methacrylate polymers. Other suitable components for 
cladding layers of glass-containing optical fibers are 
disclosed, for example, in S.E. Miller and A. G . Chynoweth 
(eds.), Optical Fiber Telecommunications, Academic, New York 
,NY, 1979 and S. E . Miller and I. P. Kaminow (eds.), 
Optical Fiber Telecommunications II, Academic Press, New 
York , NY, 1988. Further suitable components for cladding 
layers of polymer optical fibers are disclosed, for example, 
xn C. Emslie, Review of Polymer Optical Fibers, Journal of 
Material Science, Vol. 23, 2281-2293 (1988); L . Hornak, 
Polymer for Lightwave and Integrated Optics: Technology and 
Applications, Marcel Decker, NY, 1992; and Plastic Optical 
Fibers and Application, Vol. 25, Information Gatekeepers, 
Boston Mass. 1994. The disclosures of each of the foregoing 
references are herein incorporated in their entirety. 

While preferred embodiments of the optical waveguides of 
the invention are optical fibers, other embodiments of the 
invention include thin films and other optical waveguide 
elements, such as lenses. Such optical waveguides having 
the novel refractive index profile of the invention can be 
circular or noncircular, and can have any of a variety of 
geometric forms, such as spheroid, cylindrical, or toroid. 

Additional objects, advantages, and novel features of 
this invention will become apparent to those skilled in the 
art upon examination of the following examples thereof, 
which are not intended to be limiting. 
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EXAMPLE 1 

minimal dispersion and • ' £lber has 

flf th . . PSrSi0n and ' hen <=e> maximum bandwidth. The si 2e 
of the .ndex step at the boundary of the inner core and 

outer core and the * , re and 

are optimised °* ^ ^ °^ 

The group delay time for a mode can be expressed as: 

„ — 1 9m/dk» ( 9) 
c 9m/ dfi 

" r f^" 1 " th " th « B i« dispersion in th. group delay 
tine, then the right-hand side of Equation 9 l, . \ . 
which ieads to the f oU W i„ g .uffj^ e^aWonl ' 

An An ^ 

where v ct is the average refractive index of the orad«d 
The general solution to the above dif f erent'al eguatl" ' 

f "V* ^ • rbitMr * £uncti ^' " can be proven 
that, in order to satisfy Equation 7 and Equation 11 the 
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JT( n < r > 2 -«(«2> 2 )«fr = C,(n aK -«(a 2 )) 2 

(12) 



where C l is an undetermined constant. By differentiating 
the above equation with respect to a,, we get: 

5~*2 2 » = 2C l (n a¥ -„ ) ^L (13) 

Cancellation of the differentiation term, dn/da„ and 
replacing a, by r, gives the following optimal profile: 

, + (14) 

The average refractive index, n w can be determined by the 
fact that group delay time for rays at the inner edge of the 
outer core is the same as for rays of the inner core which 
have the largest angle of propagation. For such a ray, the 
angle with respect to the fiber axis is: cos 0 - n 2 /n 0t and 
the group delay time is: 

15 , which leads to « =^2- . 

By the fact that at r-r,, n-n,, the other constant C, is 
determined to bet 



10 



■a--)* 



The optimal refractive index profile in the graded outer 
core is, therefore, given by: 
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n(r) - 



(15) 



The refractive index, n 2 . at th» h«„^-- _ . 

_ _ . „ ^ • > — *-i "J- tne inner core 

and the outer core is determined by requiring that index 
gxven by Equation 15 equals to that of the cladding index 
n«, at the cladding boundary. ' 

For an inner core radius of - 62.5 m , an outer core 

L a th U th"" T ""' ^ 3 radlUS * ' 500 «d 

wxth the maximum outer core refractive index, as determined 

using Equation 15, n 2 » 1. 499 , the bandwidth is calcul^ed 
to be 2.0 GH 2 .ioo m. The bandwidth is determined through 
analysxs of the group delay time dispersion spectrum shown 
xn Figure 5, where group delay time for a 100 m long fiber 
J.s plotted as a function of mode number. 

EXAMPLE 2 

Dependence of optical bandwidth on ratio of inner core/outer 
core radii. 

The optical fiber of the present invention is chosen 

of t^'V " a <- l - 50 the outer core 

of the fiber has the following optimal functional form 



nir) fn*"* Y,\* for r, < r < r 2 (15) 

1 + 



(S-'feJ 
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The refractive index, n„ at the boundary of the inner core 
and the outer core is determined by requiring that index 
given by Equation 15 equals to that of the cladding index, 
n 4 , at the cladding boundary. 

The group time delay dispersion is calculated using WKB 
analysis for fibers with varying ratios of inner core to 
outer core radii. Calculation is carried out for fibers 
having an outer core radius r 2 =250 and a total fiber 
radius /?=500 »m. Analysis of such group time delay 
dispersion data leads to a dependence of bandwidth on the 
ratio of the inner core radius, r lf to the outer core 
radius, r,. The bandwidth dependence on the inner core 
radius to outer core radius ratio is displayed in Figure S. 
Bandwidths for the fibers of this invention are typically 
15 greater than 1 GHz • 100 m and can exceed 10 GHz* 100 m by 
appropriate choice of inner core and outer core radii. 

EXAMPLE 3 

Compensating variations in graded outer core by optimizing 
refractive index step size at inner core/outer core 
20 boundary. 

The optical fiber of the present invention is chosen 
such that for no - nt - 1.50 and nj = n« = 1.48, the outer 
core of the fiber has the following parabolic functional 
25 form 



»V)»n»-(n l l -«^^ij far r,<r<r, 



(16) 



where n, is determined by minimizing the time delay 
dispersion using WKB analysis. For an inner core radius of 
r, - 62.5 tm, an outer core radius r, « 250 /in, and a total 
fiber radius R = 500 paa, such minimization yields a 
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m:i y : i. M .r«rx - ^ det — 

shown in Figure 7 wh pr a dispersion spectrum 

tx y ui:e where arouo delAv t-i™« * 

fiber is plotted as * * Y f ° r 3 100 m lon 9 

b a „H^17 functxon of mode number. The 

bandwxdth for this parabolic outer core profile \T , 
the same as that *u profile iS nearly 

dispersion. Therefore, v-n-i^- - ^ t for mxnxmum 

the graded outer core can"h.~Z~™ EUncti - 0nal form of 

index step size. compensated by optimizing the 



EXAMPLE 4 



Dependence of refractive index steo * 

~~ t *~ o PtiM1 ^:: 0 ^ r core/outer 



("> 



The outer cor. profile of this example has the same 
functional dependence a, that of Example 3, but he, a 

tt !!*"!' n0n -°P ti » i «^ ind« of refraction step size at 
the bounds of the inner cor. and out.r core. The d"av 
^ again calculated by wkb analyst. Por'an 

inner core radius of r, - 62.5 p*. an outer core radius r - 
MO and a total fiber radius . . 500 ^, , UC h analysis 
y.eld. a bandwidth of 1.03 GHz. 100 Th . bandwidth is 
determined through analysis of the group delay time 
dispersion spectrum shown in Pig» r<l „, wherB ■ 

V" ' l0n ' iS Pl °" ed « • *"«L of mode 

number. The decrease in bandwidth as compared to Example^ 
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reveals that it is very important to optimize the refractive 
index step sue at the boundary of the inner core and outer 
for maximum bandwidth performance. 



EXAMPLE 5 



Optimized refractive index step size at outer core/cladding 
boundary for maximum optical bandwidth performance. 

The preceding examples illustrate the importance of the 
step in refractive index at the boundary of the inner core 

10 and outer core in generating maximum bandwidth. This 

example serves to demonstrate the importance of the step in 
refractive index at the boundary of the outer core and 
cladding. To this end, the group time delay dispersion 
spectra for the two refractive index profiles shown in 

15 Figure 9 are calculated and compared. Numerical analysis is 
performed using a power series method. The optical fibers 
of the present invention are chosen such that their index 
of refraction profiles, n(r) , follow the form 



(18) 



where n t and n, are the center and cladding refractive 
indexes, respectively, and r is a parameter which varies the 
extent of the index step at the cladding. For no index 
step, Figure 9 (a), r - 1, and for the optimal step, Figure 
9 (b), r - 2. The center and cladding indexes are chosen to 
25 be n, - 1.50 and n, - 1.48, respectively, with the normalized 
frequency 



(19) 
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::: r ir deu r di — - - -.j: -:;rr that 

refractive index stp n At- ^1 i 

ex seep at the cladding, Flour© in 

»ucn !es, than chit for the pro£ile ^^^^^ <" ; « 
significantly improved by more than «„ 

boundary between the outer core and r ^ " the 



10 EXAMPLE 6 
Finite 
profile 



15 



20 



25 



Finite element analysis for optimizing refractive index 



This example demonstrates the importance of the steo in 
the refractive index at the boundary of the outer core and 
cladding. The finite element analysis technique was 
implemented in order to calculate the group delay for any 
arbitrary index profile. The optical fiber of the invention 
is chosen such that the inner core fl . t with „. ^ 

-1.50 while the cladding index is „ 4 , In addit ' ion , ' 

it is chosen such that the outer core radius r 2 - 4 r,. m the 
outer core region, the index profile n<r) satisfies the 
following equation 



!5 15 r 2 ' 

where n 2 - 1.499 is fixed throughout this example and 

n 3 a n 4 - (p - l)(n, - n 4 ). (2 i) 

The difference between n, and n 4 corresponds to the step 
30 at the outer core-cladding boundary. Xf p - lf there ig no 
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discontinuity at the boundary. If p < 1, there is a step, 

and if p > 1, there is an optimal step at the boundary. 
Figure 11 shows the refractive index profiles for three 
case, p * 0-75/ 1.00, and 1.125. 
5 In Figures 12-14 the group delay spectra are plotted for 

p = 0.75, 1.00, and 1.125, respectively. It is obvious that 
Figure 14 corresponds to the minimum group delay and maximum 
bandwidth. These figures clearly demonstrate that with an 
appropriate value for p, the bandwidth performance can be 
10 further improved. This is because without a step, 

corresponding to p * 1, modes near cut-off tend to possess 

large group delays. The introduction of a step (p > 1) 
suppresses these modes. Therefore, the overall group delay 
is significantly reduced. 

15 EXAMPLE 7 

Compensating variations in. graded outer core by optimizing 
refractive index step size at inner core/outer core 
boundary. 

20 In this example, the refractive index profile has the 

same shape as the one demonstrated in Example 3 . The 
optical fiber is chosen such that for no » m » 1.46 and nj « 
ri4 * 1.44/ the outer core of the fiber follows the parabolic 
functional form of equation 16. For an inner core radius of 

25 r t 3 62.S /an, an outer core radius r t « 250 fxm, and a total 
fiber radius R » 500 fjm, such minimization yields a 
bandwidth of 1.85 GHz • 100m. The bandwidth is determined 
through analysis of the group delay time dispersion spectrum 
shown in Figure 15, where group delay time for a 100 m long 

30 fiber is plotted as a function of mode number. The 

bandwidth for this parabolic outer core profile is nearly 
the same as the one in Example 3 . 
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It is intended that earh -u 
mentioned in this speculation 

reference in their entity inC «"°««° *Y 

Those skilled in the art „ni =. 
chana.s ana *odif ications Z ^\ZTITT nU "«° US 
embodiments o t the invention and ch« sLh 
modification, may be „ade without depart!* froTtV"' ■ 
of the invention, xt is therefore f ™ £ -Pxri, 

appended claims cover all .■ ea that the 

within the true spirit ^T^^aST^ 
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WHAT IS CLAIMED IS: 

1. An optical fiber comprising: 
an inner core; 

an outer core on the inner core; and 
a cladding layer on the outer core; 

wherein: 

the inner core has a refractive index which is 
greater than the refractive index of the outer core; 

the outer core has a refractive index which 
decreases smoothly, monotonically and nonlinearly with 
increasing radius from the boundary of the inner core and 
the outer core to the boundary of the inner core and the 
cladding layer; 

there is a step in the refractive index at the 
boundary of the inner core and the outer core; and 

the cladding layer has a refractive index 
which is greater than or equal to the lowest refractive 
index of the outer core. 

2. The optical fiber of claim 1 further comprising a 
step in refractive index at the boundary of the outer core 
and the cladding layer. 

3. The optical fiber of claim 2 wherein the refractive 
index of the cladding layer is intermediate between the 
highest and lowest refractive indices of the inner core. 

4. The optical fiber of claim 3 wherein the refractive 
index of the inner core decreases with increasing fiber 
radius . 



5. The optical fiber of claim 1 wherein the refracti 
index throughout the inner core is substantially uniform. 
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6- The optical fiber of claim i u 
index of the inner cor. "herein the refractive 

fiber radius. V *"" P*«*>"«Uy with increasing 

7. The optical fiber of claim i k 

index of the outer core ™ "here.n the refractive 

fiber radius. ^ «"«*>"«lly vith increasing 

8. The optical fiber of , 

graded index profile u extrapolated !n" !hl • 



*0 4q 



wherein: 

a, is the radius of the inner core 



inner core; and 



is the refractive index at the center of the 
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is de termined by requiring that n -n, at x-=a, 

r and a 



where n. is the refractive index of the cladding laye 



is the combined radius of the inner and outer 



cores 



11. The optical fiber of claim 1 wherein one or more of 
the inner core, the outer core, or cladding layer comprises 
glass. 

12. The optical fiber of claim 11 wherein the inner core 
comprises glass. 

13. The optical fiber of claim 11 wherein the outer core 
comprises glass. 

14. The optical fiber of claim 11 wherein the cladding 
layer comprises glass . 

15. The optical fiber of claim 1 wherein one or more of 
the inner core, the outer core, or the cladding layer 
comprises at least one organic polymer. 

16. The optical fiber of claim 15 wherein the inner 
core comprises at least one organic polymer. 

17. The optical fiber of claim IS wherein the outer 
core comprises at least one organic polymer. 

18. The optical fiber of claim 15 wherein the cladding 
layer comprises at least one organic polymer. 

19. The optical fiber of claim 15 wherein the outer 
core comprises at least two organic polymers having 
different refractive indices. 

20. The optical fiber of claim IS wherein the outer 
core comprises at least one organic polymer. 
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10 



20 



21. The optical fiber of claim 15 wherein the organic 
polymer is a poly(methylmethacrylate) , polystyrene, P (MMA- 
VPAc), P(MMA-VB), polycarbonates, polyesters, polyolefins, 
polystyrene (PS), methyl methacrylate styrene, acetonitril* 
butadiene styrene, or styrene acrylonitrile. 



22. The optical fiber of claim 1 wherein the inner 
is symmetrically disposed about the central axis of the 



core 



23. The optical fiber of claim 22 wherein the outer core 
is symmetrically disposed about the inner core. 



24. The optical fiber of claim 15 wherein the cladding 
layer comprises an organic polymer which is a copolymer of 
vinylidene fluoride, tetraf luorethylene and 

hexaf luoropropene, fluoroalkyl methacrylate polymer, 
15 fluorinated polycarbonate, or fluorinated polysiloxane . 

25. The optical fiber of claim 1 wherein the 

graded index profile is achieved by photo copolymerization, 
multi-stage copolymer izat ion, centrifugal molding, 
interfacial gel copolymer izat ion, photo locking, photo 
bleaching, or polymerization initiator diffusion. 



26. The optical fiber of claim 1 wherein the graded- 
index profile is achieved by spin coating thin layers of 
polymer material with appropriate index. 

27. An optical waveguide comprising: 
25 an inner core layer; 

an outer core layer; and 
a cladding layer; wherein* 

the inner core layer has a refractive index 
which is greater than the refractive index of the outer 
30 core; 
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the outer core layer has a refractive index 
which decreases smoothly, mono tonic ally and nonlinearly with 
increasing radius from the boundary of the inner core layer 
and the outer core layer to the boundary of the inner core 
5 layer and the cladding layer; 

there is a step in index of refraction at the 
boundary of the inner core and outer core layers; and 

the cladding layer has a refractive index 
which is greater than or equal to the lowest refractive 
10 index of the outer core. 

28. The optical waveguide of claim 27 wherein the 
waveguide is a flat film. 

29. An optical conduit comprising: 

an inner core; 
!S an outer core; and 

a cladding layer; wherein: 

the inner core has a refractive index which is 
greater than the refractive index of the outer core; 

the outer core layer has a refractive index 
which decreases smoothly, monotonically and nonlinearly with 
increasing radius from the boundary of the inner core layer 
and the outer core layer to the boundary of the inner core 
layer and the cladding layer; 

there is a step in index of refraction at the 
boundary of the inner core and outer cores; and 

the cladding layer has a refractive index 
which is greater than or equal to the lowest refractive 
index of the outer core. 



20 



25 



30 



30. A method for the preparation of an optical fiber 
having an inner core with a smoothly varying or 
substantially uniform index of refraction; an outer core on 
the inner core, the outer core having a refractive index 
that is lower than the refractive index of the inner core 
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and which decreases smoothly, monotonically and nonlinearly 
with increasing f lber radius . and . ^ 

outer core, the cladding layer having a substantially 
uniform refractive index which is greater than the 
5 refractive index of the outer core at the boundary of the 

outer cor. and the cladding iayer; comprising thfsteps of 
forming an inner core fiber; 
establishing a graded refractive index or a 

substantially uniform r-«>f .. 

10 fiber; " m 4n ™* inner core 

forming an outer core fiber by coating the inner core 
fiber with a composition suitable for establishing a 
smoothly varying graded refractive index; 

establishing the smoothly varying graded refractive 
15 index in the outer core fiber; 

forming a cladding layer on the outer core fiber by 
coating the outer core fiber with a single material or 
uniform mixture having a constant refractive index; and 

curing the cladding layer by uv curing, thermal curing, 
20 or by cooling. 

31. A method for the preparation of an optical fiber 
having an inner core with a smoothly varying or 
substantially uniform index of refraction; an outer core on 
the inner core, the outer core having a refractive index 
that is lower than the refractive index of the inner core 
and which decreases smoothly, monotonically and nonlinearly 
with increasing fiber radius; and a cladding layer on the 
outer core, the cladding layer having a substantially 
uniform refractive index which is greater than the 
refractive index of the outer core at the boundary of the 
outer core and the cladding layer; comprising the steps of: 

forming a fiber preform by co-extrusion or sequential 
extrusion of an inner core layer, an outer core layer, and a 
cladding layer, wherein the inner core layer possesses a 
smoothly varying or substantially uniform index of 



25 



30 



35 
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refraction, the outer core layer possesses a lower, smoothly 
varying, graded index of refraction, and the cladding layer 
possesses a uniform index of refraction, wherein the lowest 
refractive index of the inner core is higher than the 
5 highest refractive index of the graded outer core, and the 
lowest refractive index of the outer core is lower than the 
refractive index of the cladding layer; and 

curing the fiber preform to produce the fiber. 

32. A method for the preparation of an optical fiber 
0 having an inner core with a smoothly varying or 

substantially uniform index of refraction; an outer core on 
the inner core, the outer core having a refractive index 
that is lower than the refractive index of the inner core 
and which decreases smoothly, monotonically and nonlinearly 
5 with increasing fiber radius; and a cladding layer on the 
outer core, the cladding layer having a substantially 
uniform refractive index which is greater than the 
refractive index of the outer core at the boundary of the 
outer core and the cladding layer; comprising the steps of: 
' forming an optical preform rod fiber consisting of an 

inner core layer, an outer core layer, and a cladding layer, 
wherein the inner core layer has a smoothly varying or 
substantially uniform index of refraction, the outer core 
layer has a lower, smoothly varying graded index of 
refraction, and the cladding layer has a uniform index of 
refraction, wherein the lowest refractive index of the inner 
core is higher than the highest refractive index of the 
graded outer core, and the refractive index of t^e cladding 
layer is greater than the refractive index of the outer core 
at the boundary of the outer core and the cladding layer; 

heating the preform to a temperature required for 
drawing; 

drawing the heated preform into a optical fiber of 
predetermined diameter; and 
cooling the optical fiber. 
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